Abstract: Leaf area index (LAI) and chlorophyll content, at leaf and canopy level, are important variables for agricultural applications because of their crucial role in photosynthesis and in plant functioning. The goal of this study was to test the hypothesis that LAI, leaf chlorophyll content (LCC), and canopy chlorophyll content (CCC) of a potato crop can be estimated by vegetation indices for the first time using Sentinel-2 satellite images. In 2016 ten plots of 30 × 30 m were designed in a potato field with different fertilization levels. During the growing season approximately 10 daily radiometric field measurements were used to determine LAI, LCC, and CCC. These radiometric determinations were extensively calibrated against LAI2000 and chlorophyll meter (SPAD, soil plant analysis development) measurements for potato crops grown in the years 2010-2014. Results for Sentinel-2 showed that the weighted difference vegetation index (WDVI) using bands at 10 m spatial resolution can be used for estimating the LAI (R 2 of 0.809; root mean square error of prediction (RMSEP) of 0.36). The ratio of the transformed chlorophyll in reflectance index and the optimized soil-adjusted vegetation index (TCARI/OSAVI) showed to be a good linear estimator of LCC at 20 m (R 2 of 0.696; RMSEP of 0.062 g·m −2 ). The performance of the chlorophyll vegetation index (CVI) at 10 m spatial resolution was slightly worse (R 2 of 0.656; RMSEP of 0.066 g·m −2 ) compared to TCARI/OSAVI. Finally, results showed that the green chlorophyll index (CI green ) was an accurate and linear estimator of CCC at 10 m (R 2 of 0.818; RMSEP of 0.29 g·m −2 ). Results for CI green were better than for the red-edge chlorophyll index (CI red-edge , R 2 of 0.576, RMSE of 0.43 g·m −2 ). Our results show that Sentinel-2 bands at 10 m spatial resolution are suitable for estimating LAI, LCC, and CCC, avoiding the need for red-edge bands that are only available at 20 m. This is an important finding for applying Sentinel-2 data in precision agriculture.
Introduction
Foliar biochemistry (in particular chlorophyll content) is a key proxy of plant productivity and plays a crucial role in photosynthesis and in plant functioning [1] . Remote sensing data can provide location-specific information of chlorophyll content as a proxy of the crop nitrogen (N) status in order to help farmers with an optimal in-season timing of N application (side dress) [2, 3] . It can provide the spatial information needed for the implementation of variable rate application (VRA) in order to optimize production across an entire field. For precision agriculture the spatial resolution should be at least 20 m and, preferably, on the order of 10 m in order to make site specific management possible [4] . The revisit time should only be a few days. Freely-available data from Sentinel-2 seems to fulfil these requirements.
Optical remote sensing techniques respond mainly to vegetation characteristics, like the leaf area index (LAI) and the chlorophyll content, particularly providing information at the canopy scale. For this purpose several remote sensing techniques have been proposed, either based on radiative transfer (RT) model inversion or (semi-)empirical spectral vegetation indices [5] . Hybrid approaches integrate a sensitivity analysis using RT models with the practical use of vegetation indices (VI) [6] . In this study, we will focus on using VIs. A semi-empirical approach for estimating LAI of a green canopy, introduced by Clevers [7] , resulted in the so-called weighted difference vegetation index (WDVI). Basically, the WDVI is a two-dimensional greenness index. This index can be easily obtained with field radiometric measurements and can be used for estimating LAI as a replacement for destructive measurements [8] . The canopy chlorophyll content (CCC) is determined by the LAI and the leaf chlorophyll content (LCC), expressed per unit leaf area. Estimating LCC requires a VI that is sensitive to this LCC but, at the same time, is insensitive to LAI and background effects. Kooistra and Clevers [9] showed that two ratio indices have great potential to be applied using Sentinel-2 data. The ratio of the transformed chlorophyll in reflectance index and the optimized soil-adjusted vegetation index (TCARI/OSAVI) is one index following the idea of the above ratio approach for estimating LCC [10] . In addition, Vincini et al. [11] proposed the green/red ratio to normalize the LAI, resulting in the so-called chlorophyll vegetation index (CVI) as an estimator for LCC. For estimating CCC the red-edge region is also found to be very important. Gitelson et al. [12] presented a simple index based on a near-infrared and a red-edge band for estimating CCC, called the red-edge chlorophyll index (CI red-edge ). They also presented a version using a green band instead of the red-edge band, called the green chlorophyll index (CI green ). Both indices can be evaluated using Sentinel-2 data [13] .
This study should provide a proof of concept of using real Sentinel-2 spectral data in estimating LAI, LCC, and CCC for applications in precision agriculture. Previous results showed that the WDVI may be used for estimating the LAI. Either the TCARI/OSAVI or the CVI may be applied in estimating the LCC. Subsequently, for estimating the CCC, the CI red-edge and the CI green indices are very promising in combination with Sentinel-2 data. The main objective of the current study is to test the performance of these indices using actual Sentinel-2 data over the 2016 growing season for a potato crop, being one of the most important cash crops in Western Europe.
Material and Methods

Study Site
The study area was a field with potatoes (Solanum tuberosum L., cultivar Fontane) of approximately 450 m × 200 m, located south of the village Reusel (51 • 59 47.9 N, 5 • 9 34.5 E) on the Dutch-Belgian border, in the province of Noord-Brabant (The Netherlands). The planting date was 16 April 2016. In this field, an experiment was performed to evaluate the effect of split-level fertilization on potato yield. Different initial fertilization levels (before planting) and additional sensor-based variable-rate fertilizations (during crop growth) were applied to zones in the field. The sensor-based variable-rate fertilization was applied based on crop reflectance measurements performed by Isaria crop sensors (Fritzmeier Umwelttechnik GmbH & Co., KG, Grosshelfendorf, Germany) mounted in front of a tractor providing information on the nitrogen need of the crop on a weekly basis. The variable rates for nitrogen were based on measured indices from the crop sensor and decision rules derived from previous dedicated fertilization experiments between 2010 and 2013 [14] , and applied using a GNSS-guided fertilizer spreader. Ten 30 m × 30 m net plots were created in the different fertilization zones ( Figure 1 and Table 1 ). Sensor-based nitrogen (N) fertilization was applied to half of the plots on 28 June 2016, 15 July 2016, and 9 August 2016. In addition, on 7 July 2016 fertilization with potassium (K) was applied to most of the plots. These varying fertilization regimes were expected to yield significant differences in crop development. B  40  42  60  30  45  C  0  0  60  0  0  D  0  140  60  30  34  E  70  0  60  0  0  F  70  0  60  49  47  G  25  0  100  0  0  H  25  84  60  38  28  I  0  0  300  50  27  J  0  269  0  30  26 
Field Radiometry
Field methods for determining canopy properties, like LAI and chlorophyll content, are mostly destructive, expensive, and time-consuming. As a result, they are mostly performed for relatively small crop samples. Radiometric field measurements are non-invasive and can be performed over much larger areas, providing a more accurate areal estimate. After proper calibration, such measurements are a good alternative for destructive measurements, as shown by Bouman et al. [8] for crops like potato, sugar beet, wheat, and barley. They used the WDVI (Table 2 ) [7] measured with a Cropscan multispectral radiometer (MSR87, CropScan Inc., Rochester, MN, USA), which has been shown to work very well for estimating ground cover and LAI of the mentioned crops using standard relations that are crop type-specific [8] . Nowadays, such measurements are, for instance, being used for a reflectance-based N side dress system for potatoes that allows saving of N while Figure 1 . The study area with the 2016 potato field showing the zones with initial fertilization levels, the zones with variable rate applications (VRA), and the location of the studied plots. An aerial photograph is used as the background. Table 1 . An overview of the nitrogen (N) and potassium (K) fertilization applied to the various plots within the potato experimental field in 2016. B  40  42  60  30  45  C  0  0  60  0  0  D  0  140  60  30  34  E  70  0  60  0  0  F  70  0  60  49  47  G  25  0  100  0  0  H  25  84  60  38  28  I  0  0  300  50  27  J  0  269  0  30  26 
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Field Radiometry
Field methods for determining canopy properties, like LAI and chlorophyll content, are mostly destructive, expensive, and time-consuming. As a result, they are mostly performed for relatively small crop samples. Radiometric field measurements are non-invasive and can be performed over much larger areas, providing a more accurate areal estimate. After proper calibration, such measurements are a good alternative for destructive measurements, as shown by Bouman et al. [8] for crops like potato, sugar beet, wheat, and barley. They used the WDVI (Table 2 ) [7] measured with a Cropscan multispectral radiometer (MSR87, CropScan Inc., Rochester, MN, USA), which has been shown to work very well for estimating ground cover and LAI of the mentioned crops using standard relations that are crop type-specific [8] . Nowadays, such measurements are, for instance, being used for a reflectance-based N side dress system for potatoes that allows saving of N while maintaining yield [2] . Radiometric measurement of crop N status offers advantages over destructive methods. It is quick, cheap, and can be done on every square meter of a field.
Recent work by Kooistra and Clevers [9] has shown that other vegetation indices may be used to estimate leaf chlorophyll content (LCC). They found that the TCARI/OSAVI ratio and the CVI are the most promising as LCC estimators (Table 2) . Subsequently, the product of the estimated LAI and LCC from radiometric measurements will provide the canopy chlorophyll content (CCC). However, since errors in the estimates of LAI and LCC will accumulate in this way, it is preferred to use specific indices for estimating CCC, like the CI red-edge and the CI green [6, 13] . R x refers to the reflectance at wavelength x nm.
Vegetation reflectance for the experimental plots given in Table 1 was measured about every 10 days in the period from 4 June 2016 until 19 August 2016 with a Cropscan Multispectral Radiometer (MSR16R). This is a 16-band radiometer measuring reflected and incoming radiation at the same moment in narrow spectral bands (Table 3) . Reflectance is measured through a 28 • field-of-view (FOV) aperture at a height of about 1.5 m above the canopy and incoming radiation is measured through a cosine-corrected sphere. As a result, the area of individual measurements covered about 0.44 m 2 . Calibration is performed by pointing the 28 • FOV aperture towards the sun using an opal glass. Using this calibration, spectral reflectances are derived.
The ground-based apparent LAI was estimated based on Cropscan measurements using the WDVI with bands at 670 nm and 870 nm [7] . Calibration curves between the WDVI and LAI were determined by performing both Cropscan measurements and LAI2000 Plant Canopy Analyser (LI-COR, Lincoln, NE, USA) measurements in the field at the same farm for potato experiments with similar set-ups in the years 2010-2014 [9] . Per plot, six measurements per potato row, for four rows (24 values per plot), were taken. The 2000-2014 experiments resulted in the following relationship:
For potatoes grown in the years 2010-2014 LCC was measured per plant, taking the average reading of three randomly-selected leaves using a hand-held chlorophyll meter (SPAD-502, Minolta Osaka Company Ltd., Tokyo, Japan). SPAD measurements were converted to LCC using the potato-specific relationship given by Uddling et al. [15] . The 2000-2014 experiments resulted in the following relationship for TCARI/OSAVI (using the Cropscan bands at 550, 670, 700, and 780 nm) with LCC (in g·m −2 ): LCC = −3.5884 × TCARI/OSAV I + 1.0369
Finally, CCC was estimated by the CI red-edge using the Cropscan bands at 780 nm and 705 nm (as the average reflectance of 700 and 710 nm):
Based on the quality of the established relations as assessed through an independent validation with available field measurements in 2016 (LAI: RMSE = 0.57; LCC: RMSE = 0.10 g·m −2 ; CCC: RMSE = 0.69 g·m −2 ), we have confidence in the Cropscan-derived crop variables. [16] . It has a swath width of 290 km by applying a total field-of-view of about 20 • . It covers the visible and near-infrared (NIR) and the shortwave-infrared (SWIR) spectral region, incorporating two spectral bands in the so-called red-edge region, which are important for the retrieval of chlorophyll content [17] [18] [19] . These red-edge bands are centered at 705 and 740 nm with a band width of 15 nm and a spatial resolution of 20 m (Table 4) . Table 5 provides an overview of the Sentinel-2 images available for the study site during the growing season of 2016. These images were atmospherically corrected using the SEN2COR procedure available in the Sentinel-2 SNAP (Sentinel Application Platform) toolbox, converting top-of-atmosphere (TOA) reflectances into top-of-canopy (TOC) reflectances [20] . SEN2COR performs a pre-processing of TOA image data and applies a scene classification for atmospheric correction. The latter focuses on the detection of snow, clouds, and cloud shadows, as opposed to the broad classes of vegetation, bare soil, and water. Atmospheric bands of Sentinel-2 are used to derive maps of aerosols, water vapor and cirrus clouds [20] . Atmospheric correction is based on the ATCOR algorithm [21] . For most dates the study area and its surroundings was cloud-free. Only on 10 July 2016 were there scattered clouds across the region. The experimental field was cloud-free, but there was a cloud visible to the west of the field and a cloud shadow to the east of the field. This may cause atmospheric correction to be less accurate for this date. TOC products were the result of a resampling procedure with a constant ground resampling distance of 10 m or 20 m depending on the native resolution (Table 4 ) using a digital elevation model to project images in cartographic coordinates (UTM/WGS84 projection). For each available date plot reflectances were obtained by extracting the 20 m pixel that best covered the net plots (being at least within the gross plots, thus avoiding problems with mixed pixels). A polygon with field boundaries was used to check the geometric co-registration. Average geometric inaccuracies were less than 10 m. For some images a pixel shift of one pixel had to be applied (avoiding a further averaging of pixels). In the case of 10 m spectral bands, the four pixels within a 20 m pixel were averaged. For estimating the LAI, Sentinel-2 TOC spectral values were used to calculate the WDVI. The bands B8 (842 nm) and B4 (665 nm) provide estimates at 10 m spatial resolution. Based on images early in the year (8 May 2016) with bare soil, the slope of the soil line (C parameter in Table 2 ) was estimated as 1.35 for these spectral bands.
For estimating the LCC, first the TCARI/OSAVI was tested, using TOC values of Sentinel-2 bands B3 (560 nm), B4 (665 nm), B5 (705 nm), and B7 (783 nm). Since bands B5 and B7 are only available at 20 m spatial resolution, the final LCC estimate will also be only available at 20 m. In addition, the CVI was also tested using bands B3, B4, and B8, which are all using a spatial resolution of 10 m, as previous research has shown that this index is also very promising [9] .
For estimating the CCC, both the CI red-edge and the CI green were tested. The second one is also interesting using Sentinel-2, since it avoids the need for red-edge bands that are only available at 20 m [13] . CI red-edge was calculated using Sentinel-2 TOC values in bands B7 (783 nm) and B5 (705 nm), both at 20 m spatial resolution. The CI green was calculated using bands B8 (842 nm) and B3 (560 nm) that both have a spatial resolution of 10 m.
Calibration curves obtained for the Cropscan system cannot be directly applied to the Sentinel-2 data, because band positions and, particularly, band widths are mostly quite different (Tables 3 and 4) . This difference adds to the difference in scale level, the measurement area, and the measurement conditions (sometimes there is a few days' difference between Cropscan and Sentinel-2 observations). Therefore, new empirical relationships were ascertained between the derived vegetation indices based on the Sentinel-2 images and the crop variables LAI, LCC, and CCC. The coefficient of determination (R 2 ) was used as a measure of scatter around the regression line. Due to the limited number of observations for such re-parameterizations (40 observations) validation was performed using the leave-one-out procedure. The root mean square error of prediction (RMSEP) was adopted to evaluate the established relations and the goodness of fit.
Results and Discussion
Sentinel-2 Temporal Profiles
First, the quality of the Sentinel-2 reflectances was evaluated. Figure 2a illustrates the difference between the TOA and TOC reflectances for an example plot. The difference is caused by the SEN2COR atmospheric correction procedure. We chose an example plot from 10 July 2016 since atmospheric conditions were suboptimal due to scattered small clouds in the vicinity of the study site. As usual, in the visible part of the spectrum, TOA reflectances are higher compared to TOC reflectances due to the significant contribution of atmospheric path radiance, particularly in the blue portion of the spectrum. As a result, the typical peak in green reflectance is not pronounced in the TOA reflectance spectrum. In the NIR and SWIR this path radiance is very small and atmospheric attenuation causes lower values for the TOA reflectance in comparison to the TOC reflectance. When we compare the TOC reflectance signature with the one measured in the field with the Cropscan radiometer, we find very similar signatures ( Figure 2b ). Similar good results were obtained for other plots and other dates (not shown). Field measurements of crop variables and the Cropscan were performed until mid-August, because after that date measurements are less relevant for farmers in view of applying precision agriculture. As a result, data for four dates in 2016 (7 June, 10 July, 20 July, and 16 August) are available for studying the relationship of Sentinel-2 TOC reflectances and indices with crop variables. Comparing the TOC reflectances with the Cropscan reflectances showed very good correlations when combining these four dates for all potato plots.
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Results and Discussion
Sentinel-2 Temporal Profiles
First, the quality of the Sentinel-2 reflectances was evaluated. Figure 2a illustrates the difference between the TOA and TOC reflectances for an example plot. The difference is caused by the SEN2COR atmospheric correction procedure. We chose an example plot from 10 July 2016 since atmospheric conditions were suboptimal due to scattered small clouds in the vicinity of the study site. As usual, in the visible part of the spectrum, TOA reflectances are higher compared to TOC reflectances due to the significant contribution of atmospheric path radiance, particularly in the blue portion of the spectrum. As a result, the typical peak in green reflectance is not pronounced in the TOA reflectance spectrum. In the NIR and SWIR this path radiance is very small and atmospheric attenuation causes lower values for the TOA reflectance in comparison to the TOC reflectance. When we compare the TOC reflectance signature with the one measured in the field with the Cropscan radiometer, we find very similar signatures (Figure 2b ). Similar good results were obtained for other plots and other dates (not shown). Field measurements of crop variables and the Cropscan were performed until mid-August, because after that date measurements are less relevant for farmers in view of applying precision agriculture. As a result, data for four dates in 2016 (7 June, 10 July, 20 July, and 16 August) are available for studying the relationship of Sentinel-2 TOC reflectances and indices with crop variables. Comparing the TOC reflectances with the Cropscan reflectances showed very good correlations when combining these four dates for all potato plots. Subsequently, the temporal pattern of WDVI, as an estimator for the LAI, is illustrated in Figure  3 . At the beginning of May the WDVI was still close to zero, since there was no vegetation development yet. The WDVI then increased during June with plants standing upright above the ridges, still showing a clear row structure. Flowering occurred around the maximum LAI, which took place at the beginning of July 2016. Subsequently, the WDVI decreased gradually towards the end of the season. Although it is not the objective of this paper to discuss all plots individually and all differences amongst them, we clearly noticed, for most dates, that the lowest WDVI value was for plot C, which received no N fertilization at all. From mid-July, onwards, plot G also had a relatively low WDVI. This plot received the second-lowest level of initial N fertilization, and no N fertilization during the season. Subsequently, the temporal pattern of WDVI, as an estimator for the LAI, is illustrated in Figure 3 . At the beginning of May the WDVI was still close to zero, since there was no vegetation development yet. The WDVI then increased during June with plants standing upright above the ridges, still showing a clear row structure. Flowering occurred around the maximum LAI, which took place at the beginning of July 2016. Subsequently, the WDVI decreased gradually towards the end of the season. Although it is not the objective of this paper to discuss all plots individually and all differences amongst them, we clearly noticed, for most dates, that the lowest WDVI value was for plot C, which received no N fertilization at all. From mid-July, onwards, plot G also had a relatively low WDVI. This plot received the second-lowest level of initial N fertilization, and no N fertilization during the season. Figure 4 illustrates the temporal profiles for TCARI/OSAVI and CVI, which are hypothesized to be related to the LCC. The TCARI/OSAVI mainly showed differences between the plots at the beginning and the end of the growing season, which might also be caused by differences between plots in the soil background effect instead of differences in the LCC. For most of the season, differences were rather small. Moreover, this index was rather stable over the season, suggesting a small range in the LCC for this potato crop. The LCC was not correlated with LAI (R 2 = 0.062). The CVI showed even less differences between the plots. The second recording date (7 June 2016) clearly showed larger CVI values than for most of the season. Since the beginning of July plot J was showing relatively high CVI values. This is the plot that received a large burst of N at the end of June 2016 ( Table 1 ). The advantage of the CVI is that it can be determined at 10 m with Sentinel-2, whereas the TCARI/OSAVI ratio can only be determined at 20 m.
Finally, Figure 5 illustrates the temporal profiles for CIred-edge and CIgreen, which are both often used to estimate the CCC. The CIred-edge showed a similar pattern as the WDVI. This is not so surprising, because we saw before that variation in the LCC was not very large and, thus, the LAI was mainly determining the CCC. Figure 5a underlines this hypothesis. The same patterns can be observed for the CIgreen, although there was not such a pronounced peak in CIgreen at the beginning of July. The advantage of the CIgreen is that it can be determined at 10 m with Sentinel-2, whereas the CIred-edge can only be determined at 20 m due to the use of the red-edge bands. Figure 4 illustrates the temporal profiles for TCARI/OSAVI and CVI, which are hypothesized to be related to the LCC. The TCARI/OSAVI mainly showed differences between the plots at the beginning and the end of the growing season, which might also be caused by differences between plots in the soil background effect instead of differences in the LCC. For most of the season, differences were rather small. Moreover, this index was rather stable over the season, suggesting a small range in the LCC for this potato crop. The LCC was not correlated with LAI (R 2 = 0.062). The CVI showed even less differences between the plots. The second recording date (7 June 2016) clearly showed larger CVI values than for most of the season. Since the beginning of July plot J was showing relatively high CVI values. This is the plot that received a large burst of N at the end of June 2016 ( Table 1 ). The advantage of the CVI is that it can be determined at 10 m with Sentinel-2, whereas the TCARI/OSAVI ratio can only be determined at 20 m.
Finally, Figure 5 illustrates the temporal profiles for CI red-edge and CI green , which are both often used to estimate the CCC. The CI red-edge showed a similar pattern as the WDVI. This is not so surprising, because we saw before that variation in the LCC was not very large and, thus, the LAI was mainly determining the CCC. Figure 5a underlines this hypothesis. The same patterns can be observed for the CI green , although there was not such a pronounced peak in CI green at the beginning of July. The advantage of the CI green is that it can be determined at 10 m with Sentinel-2, whereas the CI red-edge can only be determined at 20 m due to the use of the red-edge bands. Figure 4 illustrates the temporal profiles for TCARI/OSAVI and CVI, which are hypothesized to be related to the LCC. The TCARI/OSAVI mainly showed differences between the plots at the beginning and the end of the growing season, which might also be caused by differences between plots in the soil background effect instead of differences in the LCC. For most of the season, differences were rather small. Moreover, this index was rather stable over the season, suggesting a small range in the LCC for this potato crop. The LCC was not correlated with LAI (R 2 = 0.062). The CVI showed even less differences between the plots. The second recording date (7 June 2016) clearly showed larger CVI values than for most of the season. Since the beginning of July plot J was showing relatively high CVI values. This is the plot that received a large burst of N at the end of June 2016 ( Table 1 ). The advantage of the CVI is that it can be determined at 10 m with Sentinel-2, whereas the TCARI/OSAVI ratio can only be determined at 20 m.
Finally, Figure 5 illustrates the temporal profiles for CIred-edge and CIgreen, which are both often used to estimate the CCC. The CIred-edge showed a similar pattern as the WDVI. This is not so surprising, because we saw before that variation in the LCC was not very large and, thus, the LAI was mainly determining the CCC. Figure 5a underlines this hypothesis. The same patterns can be observed for the CIgreen, although there was not such a pronounced peak in CIgreen at the beginning of July. The advantage of the CIgreen is that it can be determined at 10 m with Sentinel-2, whereas the CIred-edge can only be determined at 20 m due to the use of the red-edge bands. 
LAI Estimation
Sentinel-2 TOC results confirmed the existence of a good relationship between the WDVI and the apparent LAI, as derived from radiometric (Cropscan) field measurements (Table 6 ). Combining the four dates yielded a significant linear relationship between WDVI and LAI with an R 2 of 0.809 ( Figure 6a ). All R 2 values were significant at the 5% confidence level. Applying a leave-one-out cross-validation procedure on the linear relationship yielded a root mean square error of prediction (RMSEP) of 0.36 (equals 10.1% of the mean LAI). The relationship between the measured LAI (using the Cropscan) and the estimated LAI using Sentinel-2 is illustrated in Figure 6b . Figure 6 . The relationship between the WDVI and the apparent LAI (a) and between measured and estimated LAI (b) for the ten plots of the potato experiment on 4 dates in 2016 using Sentinel-2 data at 10 m resolution. Table 6 shows that there are reasonable relationships with the LCC of both the TCARI/OSAVI index and the CVI index based on Sentinel-2 TOC data for the ten potato plots of the study site. Only for the first date, when the canopy cover, on average, was still around 60%, results were somewhat worse (Table 6 , line for 7 June 2016). All R 2 values were significant at the 5% confidence level. 
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Sentinel-2 TOC results confirmed the existence of a good relationship between the WDVI and the apparent LAI, as derived from radiometric (Cropscan) field measurements (Table 6 ). Combining the four dates yielded a significant linear relationship between WDVI and LAI with an R 2 of 0.809 ( Figure 6a ). All R 2 values were significant at the 5% confidence level. Applying a leave-one-out cross-validation procedure on the linear relationship yielded a root mean square error of prediction (RMSEP) of 0.36 (equals 10.1% of the mean LAI). The relationship between the measured LAI (using the Cropscan) and the estimated LAI using Sentinel-2 is illustrated in Figure 6b . 
Sentinel-2 TOC results confirmed the existence of a good relationship between the WDVI and the apparent LAI, as derived from radiometric (Cropscan) field measurements (Table 6 ). Combining the four dates yielded a significant linear relationship between WDVI and LAI with an R 2 of 0.809 (Figure 6a ). All R 2 values were significant at the 5% confidence level. Applying a leave-one-out cross-validation procedure on the linear relationship yielded a root mean square error of prediction (RMSEP) of 0.36 (equals 10.1% of the mean LAI). The relationship between the measured LAI (using the Cropscan) and the estimated LAI using Sentinel-2 is illustrated in Figure 6b . Figure 6 . The relationship between the WDVI and the apparent LAI (a) and between measured and estimated LAI (b) for the ten plots of the potato experiment on 4 dates in 2016 using Sentinel-2 data at 10 m resolution. Table 6 shows that there are reasonable relationships with the LCC of both the TCARI/OSAVI index and the CVI index based on Sentinel-2 TOC data for the ten potato plots of the study site. Only for the first date, when the canopy cover, on average, was still around 60%, results were somewhat worse (Table 6 , line for 7 June 2016). All R 2 values were significant at the 5% confidence level. Table 6 shows that there are reasonable relationships with the LCC of both the TCARI/OSAVI index and the CVI index based on Sentinel-2 TOC data for the ten potato plots of the study site. Only for the first date, when the canopy cover, on average, was still around 60%, results were somewhat worse (Table 6 , line for 7 June 2016). All R 2 values were significant at the 5% confidence level. Combining the four dates yielded a significant linear relationship between TCARI/OSAVI and LCC with an R 2 of 0.696 (Figure 7a ). This index can be calculated at 20 m spatial resolution using Sentinel-2. Applying a leave-one-out cross-validation procedure on the linear relationship yielded an RMSEP of 0.062 g·m −2 (12.3% of the mean LCC). The relationship between the measured LCC (using the Cropscan) and the estimated LCC using Sentinel-2 is illustrated in Figure 7b .
LCC Estimation
The CVI can be calculated at 10 m spatial resolution with Sentinel-2 data. The problem may be that it uses the square of the reflectance in the green band in the denominator and the red reflectance in the nominator. Since both green and red reflectances of vegetation are rather small numbers, the accuracy of such values is critical in a ratio-type index. Figure 8a confirmed such problems in calculating the relationship between the CVI and LCC. Particularly, the fourth date (16 August 2016) showed some deviating low LCC values. Still, the linear relationship was highly significant with an R 2 of 0.656 and an RMSEP of 0.066 g·m −2 (13.0%). Figure 8b illustrates the scatterplot of estimated against measured LCC using the CVI. Combining the four dates yielded a significant linear relationship between TCARI/OSAVI and LCC with an R 2 of 0.696 (Figure 7a ). This index can be calculated at 20 m spatial resolution using Sentinel-2. Applying a leave-one-out cross-validation procedure on the linear relationship yielded an RMSEP of 0.062 g·m −2 (12.3% of the mean LCC). The relationship between the measured LCC (using the Cropscan) and the estimated LCC using Sentinel-2 is illustrated in Figure 7b . The CVI can be calculated at 10 m spatial resolution with Sentinel-2 data. The problem may be that it uses the square of the reflectance in the green band in the denominator and the red reflectance in the nominator. Since both green and red reflectances of vegetation are rather small numbers, the accuracy of such values is critical in a ratio-type index. Figure 8a confirmed such problems in calculating the relationship between the CVI and LCC. Particularly, the fourth date (16 August 2016) showed some deviating low LCC values. Still, the linear relationship was highly significant with an R 2 of 0.656 and an RMSEP of 0.066 g·m −2 (13.0%). Figure 8b illustrates the scatterplot of estimated against measured LCC using the CVI. 
CCC Estimation
We expect significant linear relationships of both CIred-edge and CIgreen with the CCC. Table 6 shows that this is, indeed, true for the four dates individually. For some dates the CIred-edge performed better, whereas on other dates the CIgreen performed better. On average, their performance was similar and all R 2 values were significant at the 5% confidence level. The main difference for practical applications is that the CIred-edge can only be determined at 20 m resolution with Sentinel-2 data, whereas the CIgreen can be determined at 10 m. Combining the four dates yielded a significant linear relationship between CIred-edge and CCC with an R 2 of 0.576 (Figure 9a) . Applying a leave-one-out cross-validation procedure on the linear relationship yielded an RMSEP of 0.43 g·m −2 (22.9% of the mean CCC). The relationship between the measured CCC (using the Cropscan) and the estimated CCC using Sentinel-2 is illustrated in Figure 9b . Combining the four dates yielded a significant linear relationship between TCARI/OSAVI and LCC with an R 2 of 0.696 (Figure 7a ). This index can be calculated at 20 m spatial resolution using Sentinel-2. Applying a leave-one-out cross-validation procedure on the linear relationship yielded an RMSEP of 0.062 g·m −2 (12.3% of the mean LCC). The relationship between the measured LCC (using the Cropscan) and the estimated LCC using Sentinel-2 is illustrated in Figure 7b . The CVI can be calculated at 10 m spatial resolution with Sentinel-2 data. The problem may be that it uses the square of the reflectance in the green band in the denominator and the red reflectance in the nominator. Since both green and red reflectances of vegetation are rather small numbers, the accuracy of such values is critical in a ratio-type index. Figure 8a confirmed such problems in calculating the relationship between the CVI and LCC. Particularly, the fourth date (16 August 2016) showed some deviating low LCC values. Still, the linear relationship was highly significant with an R 2 of 0.656 and an RMSEP of 0.066 g·m −2 (13.0%). Figure 8b illustrates the scatterplot of estimated against measured LCC using the CVI. 
We expect significant linear relationships of both CIred-edge and CIgreen with the CCC. Table 6 shows that this is, indeed, true for the four dates individually. For some dates the CIred-edge performed better, whereas on other dates the CIgreen performed better. On average, their performance was similar and all R 2 values were significant at the 5% confidence level. The main difference for practical applications is that the CIred-edge can only be determined at 20 m resolution with Sentinel-2 data, whereas the CIgreen can be determined at 10 m. Combining the four dates yielded a significant linear relationship between CIred-edge and CCC with an R 2 of 0.576 (Figure 9a) . Applying a leave-one-out cross-validation procedure on the linear relationship yielded an RMSEP of 0.43 g·m −2 (22.9% of the mean CCC). The relationship between the measured CCC (using the Cropscan) and the estimated CCC using Sentinel-2 is illustrated in Figure 9b . 
We expect significant linear relationships of both CI red-edge and CI green with the CCC. Table 6 shows that this is, indeed, true for the four dates individually. For some dates the CI red-edge performed better, whereas on other dates the CI green performed better. On average, their performance was similar and all R 2 values were significant at the 5% confidence level. The main difference for practical applications is that the CI red-edge can only be determined at 20 m resolution with Sentinel-2 data, whereas the CI green can be determined at 10 m. Combining the four dates yielded a significant linear relationship between CI red-edge and CCC with an R 2 of 0.576 (Figure 9a ). Applying a leave-one-out cross-validation procedure on the linear relationship yielded an RMSEP of 0.43 g·m −2 (22.9% of the mean CCC). The relationship between the measured CCC (using the Cropscan) and the estimated CCC using Sentinel-2 is illustrated in Figure 9b . Figure 10a shows a significant linear relationship between CI green and CCC with an R 2 of 0.818 and an RMSEP of 0.29 g·m −2 (15.3%). Figure 10b illustrates the scatterplot of estimated against measured CCC using the CI green . Results for CI green were better than for CI red-edge . For this potato experiment the Sentinel-2 band at 705 nm showed no clear decrease or increase with varying the LAI and/or the LCC. Such a feature in the red-edge region is caused by the equal effect of chlorophyll absorption, on the one hand, and canopy scattering, on the other hand [22] . Gitelson et al. [19] found such an equilibrium point at 730 nm when combining data on maize and soybean crops. For potato crops this equilibrium occurs close to 705 nm. As a result, at 705 nm small variations in reflectances between the dates can have a strong influence on a ratio with this band in the denominator, which might explain the larger scatter in the graphs for the CI red-edge ( Figure 9 ). Figure 10b illustrates the scatterplot of estimated against measured CCC using the CIgreen. Results for CIgreen were better than for CIred-edge. For this potato experiment the Sentinel-2 band at 705 nm showed no clear decrease or increase with varying the LAI and/or the LCC. Such a feature in the red-edge region is caused by the equal effect of chlorophyll absorption, on the one hand, and canopy scattering, on the other hand [22] . Gitelson et al. [19] found such an equilibrium point at 730 nm when combining data on maize and soybean crops. For potato crops this equilibrium occurs close to 705 nm. As a result, at 705 nm small variations in reflectances between the dates can have a strong influence on a ratio with this band in the denominator, which might explain the larger scatter in the graphs for the CIred-edge (Figure 9 ). 
Spatial Patterns
Finally, maps of the LAI, LCC, and CCC were created using the Sentinel-2 image of 10 July 2016. This is a date that is still suitable for the farmer to obtain location-specific information of crop N status in order to apply side dressing. Crop development on 7 June 2016 did not yet show large fertilization effects on LAI (Figure 3) . Unfortunately, the gap in time between the two Sentinel-2 recordings of 7 June and 10 July was very large for operational applications and should be filled by more satellites (like Sentinel-2B, launched 7 March 2017). Differences in LAI on 10 July, for instance, were very pronounced and, therefore, this date was used for illustration. Figure 11a shows an LAI map obtained from 10 m Sentinel-2 pixels using the relationship shown in Figure 6a . Similarly, Figure 11b shows an LCC map obtained from 10 m Sentinel-2 pixels using the relationship shown in Figures 8a and Figure 11c shows the CCC map using the relationship of Figure 10a . Figure 10b illustrates the scatterplot of estimated against measured CCC using the CIgreen. Results for CIgreen were better than for CIred-edge. For this potato experiment the Sentinel-2 band at 705 nm showed no clear decrease or increase with varying the LAI and/or the LCC. Such a feature in the red-edge region is caused by the equal effect of chlorophyll absorption, on the one hand, and canopy scattering, on the other hand [22] . Gitelson et al. [19] found such an equilibrium point at 730 nm when combining data on maize and soybean crops. For potato crops this equilibrium occurs close to 705 nm. As a result, at 705 nm small variations in reflectances between the dates can have a strong influence on a ratio with this band in the denominator, which might explain the larger scatter in the graphs for the CIred-edge (Figure 9 ). 
Finally, maps of the LAI, LCC, and CCC were created using the Sentinel-2 image of 10 July 2016. This is a date that is still suitable for the farmer to obtain location-specific information of crop N status in order to apply side dressing. Crop development on 7 June 2016 did not yet show large fertilization effects on LAI (Figure 3) . Unfortunately, the gap in time between the two Sentinel-2 recordings of 7 June and 10 July was very large for operational applications and should be filled by more satellites (like Sentinel-2B, launched 7 March 2017). Differences in LAI on 10 July, for instance, were very pronounced and, therefore, this date was used for illustration. Figure 11a shows an LAI map obtained from 10 m Sentinel-2 pixels using the relationship shown in Figure 6a . Similarly, Figure 11b shows an LCC map obtained from 10 m Sentinel-2 pixels using the relationship shown in Figures 8a and Figure 11c shows the CCC map using the relationship of Figure 10a . 
Finally, maps of the LAI, LCC, and CCC were created using the Sentinel-2 image of 10 July 2016. This is a date that is still suitable for the farmer to obtain location-specific information of crop N status in order to apply side dressing. Crop development on 7 June 2016 did not yet show large fertilization effects on LAI (Figure 3) . Unfortunately, the gap in time between the two Sentinel-2 recordings of 7 June and 10 July was very large for operational applications and should be filled by more satellites (like Sentinel-2B, launched 7 March 2017). Differences in LAI on 10 July, for instance, were very pronounced and, therefore, this date was used for illustration. Figure 11a shows an LAI map obtained from 10 m Sentinel-2 pixels using the relationship shown in Figure 6a . Similarly, Figure 11b shows an LCC map obtained from 10 m Sentinel-2 pixels using the relationship shown in Figures 8a and 11c shows the CCC map using the relationship of Figure 10a . Figure 8a ; and (c) the CCC map using the CIgreen-CCC relationship of Figure 10a . The overlay shows the location of the net plots (Table 1 ) and the fertilization zones. The coordinate system is UTM Zone N31 with datum WGS84. Figure 6a ; (b) the LCC map using the CVI-LCC relationship of Figure 8a ; and (c) the CCC map using the CI green -CCC relationship of Figure 10a . The overlay shows the location of the net plots (Table 1 ) and the fertilization zones. The coordinate system is UTM Zone N31 with datum WGS84.
The zone that did not receive any initial fertilization (covering plots C, D, I, and J) is clearly visible in Figure 11a ,c, showing relatively low values in the LAI and CCC, as can be expected for the lowest fertilization level. Within this zone plots D and J have higher values than plots C and I due to a large fertilization boost on 28 June 2016 (Table 1) . Additionally, the zone with the second-lowest initial fertilization level (covering plots G and H) shows lower LAI and CCC values in Figure 11 . Within the next fertilization level covering plots A and B, plot A looks darker, meaning having a lower LAI and CCC value than plot B, because plot B also received additional fertilization on 28 June 2016 (Table 1) . Looking at the LCC map (Figure 11b ) differences between most plots were not very pronounced, as was already stated in studying the temporal profiles of the TCARI/OSAVI and CVI indices (Figure 4) . Plots D and J, without initial fertilization but with a boost of N on 28 June 2016, show the highest LCC values of all ten plots studied. These high LCC values can be explained by the lower LAI values for these plots, meaning that decreased biomass growth caused higher chlorophyll contents in the leaves in this case.
Conclusions
This paper presents a proof of concept of using Sentinel-2 satellite data in estimating the LAI, LCC, and CCC in order to support potato crop status assessment for precision agriculture applications. The WDVI is a simple vegetation index that can be estimated using Sentinel-2 10 m bands at 665 nm and 842 nm, assuming the slope of the soil line for these bands is known or determined for bare soil areas in the test area. The WDVI showed good predictive power for estimating LAI for a spatial resolution of 10 m. For estimating the LCC the TCARI/OSAVI ratio showed good results for Sentinel-2. Since this index requires the red-edge bands of Sentinel-2, the LCC is estimated at 20 m spatial resolution. As an alternative, the CVI might be useful. Our results show that the CVI is slightly worse than the TCARI/OSAVI in estimating the LCC. Since the CVI is available at 10 m resolution, it is worthwhile to study further improvements on the atmospheric correction procedure to see whether the CVI might yield better results for Sentinel-2 in the future. Finally, both the CI red-edge and CI green were tested for estimating the CCC. This study yielded the best results for the CI green . Moreover, this index can be calculated at 10 m spatial resolution, thus estimating the CCC also at this resolution. Results for CI red-edge were poorer in this study because the equilibrium of effects by chlorophyll absorption and canopy scattering seemed to occur at about 705 nm for potatoes.
Until now many studies have explored the potential of Sentinel-2 based on simulated datasets. At this moment few papers using real Sentinel-2 images for agricultural applications have been published. Immitzer et al. [23] confirmed the expected capabilities for producing reliable land cover maps in Central Europe at 10 m spatial resolution using pre-operational (August 2015) single date Sentinel-2 data. Al-Gaadi et al. [24] used a single date Sentinel-2 image of early 2016 for potato yield prediction in irrigated fields in Saudi Arabia using an empirical relationship with vegetation indices. To our knowledge this is the first paper deriving agricultural crop variables from multi-date Sentinel-2 images.
For operational applications in precision agriculture the 10 m spatial resolution products of Sentinel-2 are already very useful. The temporal resolution should, preferably, be less than one week. Using only Sentinel-2A, the temporal resolution was not yet sufficient for real applications at the individual farmer's level, although our test site was already covered by two orbits. With the additional availability of data from Sentinel-2B (launched 7 March 2017) the temporal resolution will theoretically double, but the number of useful Sentinel-2 images in Western Europe will mainly depend on cloud cover conditions during the critical periods of the growing season.
